Abstract Vesicles are compartments enclosed by a thin membrane, which is made up of amphiphilic molecules arranged into ordered layers. Vesicle-like structures are Nature's choice for encapsulating important biochemical species that enable living processes, and are increasingly important as artificial structures for the encapsulation and release of drugs, biomolecules and other active ingredients for biomedical, pharmaceutical, food and consumer industries. Advances in microfluidic technologies have provided a new set of tools for unraveling the science behind formation of vesicles and fabricating novel vesicles. While traditional approaches for fabricating vesicles rely on self-assembly of amphiphiles, the precise control of flow afforded in microfluidic devices enables directed assembly of the amphiphiles. Thus, techniques such as hydrodynamic flow focusing, controlled emulsion-templating and pulsatile jetting offer unprecedented degree of control over vesicle structures. This creates new opportunities to engineer the structures of vesicles and tailor them for specific applications. In this review, we introduce current understanding behind different kinds of vesicles, survey conventional and microfluidic techniques for their formation, discuss new approaches of encapsulation and release of active ingredients in microfluidic vesicles, and point to future research and development in the area.
Introduction

What Are Vesicles?
Vesicles are compartments enclosed by a thin membrane, which is typically made up of bilayers of amphiphilic molecules, including phospholipids, skin lipids, block copolymers, and surfactants. Examples of these include liposomes [1] , polymersomes [2, 3] and niosomes [4, 5] . Other vesicle-like structures include colloidosomes, whose membranes are not necessarily made up of bilayers of amphiphiles [6, 7] . Due to the co-existence of both hydrophilic, ''water-loving'' part and hydrophobic, ''water-hating'' part within the amphiphilic molecules, these molecules self-assemble in aqueous environments into a variety of aggregate structures, in which the hydrophobic parts avoid exposure to the aqueous surroundings. One such aggregate structure is vesicles. In the membranes of vesicles, two monolayers of amphiphilic molecules facing each other form a bilayer, as shown in Fig. 1a ; if the membrane of the vesicle consists only of a bilayer, the vesicle is unilamellar (Fig. 1b) . Vesicles with membranes made up of multiple bilayers stacked together are called multilamellar vesicles (Fig. 1c) . The lamellarity of vesicles determines permeability of compounds through the vesicle membranes and also its ability to fuse with other vesicles. Vesicles are excellent structures for encapsulation of smaller compounds due to their ability to isolate the compounds in the core of the vesicles from the surroundings, providing a confined environment for processing and reaction of those compounds. Nature takes advantage of the self-assembly nature and encapsulation property to enable formation of biological cells, where important biochemical processes take place within phospholipid vesicles. Because of the resemblance of the vesicular structures to biological membranes, vesicles are also used as models in fundamental studies for understanding the physics and biology of natural membranes. Industrially, vesicles are also becoming important delivery vehicles for encapsulating drugs, flavors, colorings, vitamins and other important active ingredients for the pharmaceutical, food and beverage as well as cosmetics industries.
Vesicles also have the important attribute of fusing with one another; this allows components to be exchanged among biological cells for signaling and transport. Therefore, vesicles have the potential to be engineered to achieve targeted delivery of compounds to biological cells. Despite the vast number of amphiphiles and diverse application of vesicles, their formation mechanism is not yet understood in its entirety, and therefore remains an objective of many ongoing studies where different mechanisms have been proposed. For instance, polymersome formation is usually viewed as a two-step process [9] . Analogous to studies on liposomes by Lasic et al. [10] predicting a disk-like lipid micelle as an intermediate structure, copolymer molecules initially self-assemble into lamellar, sheet-like aggregates, that subsequently curve and close up to form vesicles, as shown in Fig. 2a . This process is driven by the energy loss owing to surface tension, which increases with the size of the disk-like bilayer, thus favoring spherical over flat bilayers [11, 12] . Recently, two alternative mechanisms have been proposed based on theoretical calculations.
In the first case, spherical micelles form from a homogeneous copolymer solution. After their rapid formation, they slowly coalesce and evolve into larger cylindrical or open micelles, which then curve into vesicular structures as shown in Fig. 2b [13] [14] [15] [16] . Similar intermediates have been found in experiments using detergent depletion to elucidate the formation mechanism of phospholipid vesicles [10] . By steadily removing detergent from a solution of phospholipids dissolved in detergent micelles, the mixed micelles grow into aggregates by fusion from which lipid vesicles evolve.
In the second case, spherical micelles serve, again, as a starting point. They then grow by the uptake of further copolymer molecules into their interior in a condensation-evaporation process forming bilayered large micelles, so-called semivesicles, as shown in Fig. 2c [17] . Semi-vesicles are energetically unfavored and lower their energy by taking up solvent to give rise to vesicles [18] .
Despite the number of possible mechanisms for polymersome formation, not all copolymers are able to self-assemble into vesicles; polymersomes only form under certain ranges of copolymers structures and compositions. The dimensionless packing parameter P dictates the molecular shape of copolymer molecules in solution, and thus the morphology of the corresponding copolymer aggregate upon phase separation of the hydrophobic and hydrophilic block. P is defined as the size of the hydrophobic block relative to the hydrophilic moiety [9] .
where m is the volume of the hydrophobic block, a the hydrophilic-hydrophobic interfacial area, and l the hydrophobic block length normal to the interface, as illustrated in Fig. 3 . With increasing values of P, the morphology changes from spherical and globular structures, to toroidal, and to cylindrical aggregates, as shown in Table 1 [20, 21] . Whether vesicles can form or not also hinges upon the effective interaction parameter v, which describes the strength of solvent-polymer interactions and is related to the dielectric constant e and the solubility parameter d [11, 22] . The polarity and dielectric constant of the copolymer solvent strongly influences the repulsion between the hydrophilic blocks and, therefore, affects the morphology of the resultant copolymer aggregates including vesicles.
In the case of a bilayer, K = 0, and H = 0. Insertion into (1-2) gives 1, as shown in Table 1 . Fig. 2 Schematic of different polymersome formation mechanisms [9, 17] . A homogenous copolymer solution is assumed as a starting point. a Widely accepted two-step process involving the formation of a diblock copolymer bilayer followed by its closure and the formation of a hollow vesicle structure. b-c Proposed mechanisms of polymersome formation based on external potential dynamics simulations [10] , molecular dynamics simulations [13] and density functional simulations [14] as well as dissipative particle [15] and Brownian dynamics studies [16] , respectively. b Spherical micelles coalesce to interconnected worm-like and cylindrical micelles as well as open disc-like structures. Close-up of these structures give rise to the formation of vesicles, as experimentally observed [19] . c Spherical micelles grow by the uptake of copolymer molecules through a process analogous to evaporation and subsequent condension into bilayered micelles, so called semi-vesicles, which take solvent into their inside to reach the energetically more favorable vesicular shape. Reproduced with permission from Ref. [17] , Ó 2009 Royal Society of Chemistry (RSC) Publishing
The size of the hydrophobic block, which dictates the bilayer thickness of the polymersome and thus the elasticity and stability of the membrane, provides a simple scaling of the copolymer membrane thickness d,
where b is a parameter describing the folding state of the polymer chain with b = 1 for a fully stretched polymer chain, b = 0.5 for an ideal random coil, and b & 0.55 in a polymersome, and M h the mean molecular weight of the hydrophobic block [20, 24, 25] . M h can be estimated from the number average molecular weight M N and the hydrophilic fraction f, which often ranges from 0.3 to 0.4 [26] .
As the amphiphiles on the inner and outer surfaces of the polymersome bilayer are trapped in a non-equilibrium state in the fabrication process, the bilayer spontaneously curves to minimize the bending energy due to the different number of amphiphiles on the inner and the outer copolymer monolayer [9, 11] . This, in turn, allows for tailoring of vesicle size and morphology by the preparation method and the experimental conditions, resulting in a diverse ensemble of polymersomes, where each geometry represents a state of minimal bending energy. Applying the Fig. 3 Illustration of the packing parameter P in terms of the interfacial area a, the hydrophobic volume of the copolymer m and the chain length normal to the interface l (left), as well as its relation to the interfacial mean curvature and Gaussian curvature, described by the curvature radii r 1 and r 2 (right). Adapted with permission from Ref. [9] , Ó 2003 WILEY-VCH Typical range of P for different aggregate shapes is as follows: Sphere (P B B 1/3), cylinder (1/3 \ P B 1/2), and bilayer (P [ 1/2). As the vesicle shape is mainly determined by interfacial curvature, the packing parameter is closely related to the mean curvature H, and Gaussian curvature K of the interfacial surface through the two radii of curvature r 1 and r 2 [21, 23] . Reproduced with permission from Ref. [9] , Ó 2003 WILEY-VCH area difference between the inner and outer bilayer surface, A in and A out , respectively,
and the volume-to-area ratio V*
À Á1 2 and the vesicle volume V, where V Ã ¼ 1 for spherical vesicles, the different vesicle shapes can be mapped in a phase diagram, as shown in Fig. 4 .
Depending on the number of bilayers that are interlaced with one another, vesicles can be broadly distinguished between unilamellar, oligolamellar and multilamellar structures, as shown in Fig. 5 [29] . Unilamellar vesicles are further classified as small, large or giant vesicles; vesicles encapsulated within vesicles are defined as multivesicular vesicles.
Conventional Techniques for Fabrication of Vesicles
Traditionally, vesicles are fabricated via the self-assembly of the constituent amphiphilic molecules. This approach for generating vesicles is applied in two common vesicle fabrication techniques, namely, hydration and electroformation. In both methods, amphiphilic molecules are first dissolved in an organic solvent, such as chloroform, where the molecules are dispersed. The organic solvent containing the amphiphilic molecules is then left to evaporate on a solid substrate, such as glass slides, silicon wafers, and indium tin oxide (ITO) slides. As the solvent is gradually removed through evaporation, the amphiphilic molecules form a dry film on the surface of the substrates. Subsequently, a drop of the solution containing the compounds to be encapsulated is placed on the dry film and gently stirred. During this hydration process, the dry film of amphiphilic molecules is soaked and folds around the solution, achieving the necessary encapsulation. However, with the hydration process, the structure of the membrane is not well controlled and the resultant vesicles are often multilamellar. To improve the uniformity of the vesicles and prepare unilamellar vesicles, an alternating electric field is applied to perturb the film of amphiphilic molecules in a process called electroformation [30] . Despite the improved uniformity in the lamellarity, the resultant vesicles remains polydisperse in size and the encapsulation efficiency is typically limited to only 35 % or lower [31] . Various attempts have been made to modify these conventional techniques to improve the size distribution of the vesicles and encapsulation efficiency, for instance, through electroformation or dewetting from micropatterned substrates [32, 33] , as shown in Figs. 6 and 7. This approach takes advantage of the ability to precisely pattern substrate via lithographic techniques such as photolithography to achieve 'top-down' control of micrometre-sized features, such as vesicle diameter. Moreover, vesicle sizes can also be further modified by swelling [34] and extrusion [35, 36] techniques. By extruding larger vesicles through membranes with pores, the size of the vesicles can be reduced and the size uniformity can be improved [37] .
Another approach to fabricate vesicles is through emulsion-templating. In this approach, a water-in-oil (W-O) emulsion is stabilized by the amphiphilic molecules for the inner leaflet. By passing the resultant water droplets through a second Schematic representations of polymersome formation through dewetting on micropatterned substrates. Procedure for the formation of patterned hydrophilic, fluorocarbon-decorated self-assembled monolayers (SAMs) and the spontaneous dewetting of a hydrophobic-hydrophilic block copolymer resulting in micrometre-sized domains of polymer. Friction atomic force microscopy (AFM) was used to characterize the fluorocarbon (light) and hydrophilic (dark) domains. Reproduced with permission from Ref. [32] , Ó 2009 Nature Publishing Group oil-water interface, the droplets are coated with another monolayer of amphiphilic molecules and vesicles are produced [38] . A schematic of the technique is illustrated in Fig. 8 . This approach offers greater tenability in the composition of the two leaflets of the bilayer and enables the fabrication of asymmetric vesicles, which are vesicles with different compositions in the two leaflets of the bilayer membrane [39] .
Microfluidic Approaches for Fabrication of Vesicles
Advances in microfluidic technologies have led to more precise fluidic control, creating new opportunities for preparation of vesicles [40] . By confining the size of the channels in which fluids flow through, stable lamellar flow can be achieved; this eliminates turbulent mixing as a potential source of size polydispersity in vesicle fabrication. With the variety of available techniques for fabrication of • Hydrodynamic Flow-focusing
The most obvious advantage provided by microfluidic devices is the excellent control over fluid volume on the microscale, thereby providing laminar, stable flow conditions at low Reynolds numbers (Re) [41, 42] . This has stimulated the development of continuous-flow mixers using poly(dimethyl siloxane)-or PDMSbased microfluidics, in which a solvent containing a compound of interest is injected into the center inlet of a microchannel cross junction and narrowed into a jet by solvent streams injected into the side channels. At the interface of the hydrodynamically focused (HFF) center jet, the desired mixing process is initiated by molecular diffusion [43, 44] . By tuning the flow rate ratio (FRR) between the side streams and the center stream, as shown in Fig. 9 , the width of the flowfocused jet can be adjusted over several orders of magnitude, allowing the formation of stable fluid jets down to tens of nanometers in diameter, and controlled mixing timescale in the micro-to nano-second range; this greatly facilitates access to reaction kinetics and out-of-equilibrium process dynamics that cannot be resolved in conventional macroscopic mixers [45] [46] [47] [48] . In addition, as microfluidic HFF naturally requires small sample volumes, valuable biomacromolecules such as proteins or DNA can be studied under mechanical stress utilizing the influence of geometric constraints on the flow at the center jet's interfaces [48, 49] . As the time evolution of the reaction scales with length from the initial mixing location in the outlet channel of the microfluidic mixer due to low Reynolds flow, the concentration inside the flow-focused fluid jet can be precisely determined at any point of the reaction.
However, in planar microfluidic devices, observation of the two dimensional HFF patterns are limited to a small area within the X, Y plane, as shown in Fig. 9 . Therefore, most information on the velocity profile and distribution of reagents inside the flow-focused jet is out-of-plane and remains undetected. These limitations are overcome by shaping flow-focused jets into a 2D plane using multilayered PDMS-based microfluidic devices. Tight planar fluid jets with thicknesses of two to three microns are formed using multilayered PDMS-based microfluidic devices. This approach has been extended to three-dimensional flow-focused jets, thereby reducing sample consumption and improving velocity field distribution within the jet [45] .
The inherent properties and outstanding performance of microfluidic HFF have inspired a wide range of applications in the field of complex micro-and nanostructure fabrication by controlled self-assembly of the respective building blocks at the liquid-liquid interface of flow-focused jets [50, 51] . This includes the formation of multi-component nanoparticles as well as liposomes and polymeric vesicles that can be engineered in sizes, monodispersity and complexity that have not been achieved using conventional bulk and microfluidic techniques, as exemplarily shown in Fig. 10 . In the following section, selected applications of microfluidic HFF for fabricating vesicles, which are the focus of this review, will be discussed.
Kinetically trapped, nanosized liposomes from dimyristoylphosphatidylcholine (DMPC) and cholesterol have been formed in microfluidic cross junctions via controlled self-assembly [52] . Liposome size is controlled by FRR and thus the width of the lipid-loaded center stream and, to a less extent [53] , the shear stress applied to the lipids at the liquid-liquid interface. In a simple nucleation/growth model that is applicable to both liposome and polymersome formation, liposome nuclei form at the interface of a flow-focused center stream and grow by uptake of lipids. Since the amount of lipids is proportional to the width of the focused stream in a given volume element, larger liposomes self-assemble from focused jets with larger width and, vice versa, smaller liposomes from focused streams with smaller width. Recent studies have suggested that liposome size distribution further depends on the total flow rate and the size of the microfluidic device [51] . The variety of control mechanisms over vesicular self-assembly allows one to influence vesicle polydispersity compared to traditional bulk methods, which have been described earlier, and to avoid post-processing steps to manipulate shell characteristics and size. Thereby, HFF can also be applied for forming vesicles with tailored size in the range of 50-150 nm, which is the optimal size for biomedical applications including tumor-targeted drug delivery, preserving of cell viability. Such vesicles are apt for benefiting from the enhanced permeability and retention effect (EPR) [54, 55] . The ability to load vesicles in situ with actives and dyes using HFF has stimulated the development of highly sophisticated multi-component vesicles including liposome-hydrogel hybrid particles, so-called lipobeads, as shown in Fig. 10d [56] . The phospholipid vesicles encapsulate a solution of photopolymerizable N-isopropylacrylamide, which forms a thermo-responsive polymer core and increases the mechanical stability of the liposome shell. In addition, control over vesicle size is extended beyond FRR by utilizing the swelling/shrinkage of pNIPAAm around its lower critical solution temperature (LCST) so that the size of the liposome shell becomes highly sensitive to temperature changes [57] .
The initial approach to form lipid vesicles by HFF has also been adapted to control the self-assembly of amphiphilic diblock copolymers into polymersomes, [58] . In contrast to earlier studies on lipid vesicles, HFF enables the tuning of the size of polymeric vesicles over several orders of magnitude from less than 40 nm to more than 2 lm in the same experimental device, as summarized in Fig. 10f . However, the use of organic solvent in the production of polymersomes hampers potential biomedical applications. This limitation can be overcome by introducing pH-sensitive diblock copolymers such as PMPC-b-PDPA, which self-assemble into polymersomes from acidic aqueous solutions that are flow-focused by basic buffer solutions, creating a pH gradient in the outlet channel of the microfluidic device [59] . With this approach, the use of organic solvent can be avoided.
Apart from hydrodynamic flow-focusing, microfluidic technologies have enabled generation of highly controlled single and multiple emulsions, which are excellent templates for formation of vesicles.
• Emulsion-templating with Single Emulsions Using microfluidic technologies, monodisperse W-O emulsions of different sizes can be routinely generated. This approach of droplet generation can be applied for the fabrication of emulsion-templated vesicles, as shown in Fig. 11 . Monodisperse water droplets stabilized by phospholipids dissolved in an organic solvent are first generated in a microfluidic device. The droplets are subsequently coated with another layer of phospholipids by another liquid-liquid interface laden [62] . Using this approach, monodisperse phospholipid vesicles can be generated with high encapsulation efficiency.
• Emulsion-templating with Double Emulsions Apart from single emulsion templates, vesicles can also be fabricated using double emulsion droplets as templates. Water-in-oil-in-water (W-O-W) double emulsions can be routinely generated with excellent size uniformity and 100 % encapsulation efficiency using microfluidics. Double emulsions and vesicles share similar core-shell structures; therefore, double emulsion droplets are ideal templates for vesicles. A schematic of the double-emulsion-templated approach for forming vesicles is shown in Fig. 12 . To convert double emulsion droplets into vesicles, the two interfaces need to be first adsorbed by the amphiphilic molecules; therefore, the amphiphilic molecules should contain one block that has an affinity for the inner or the outer aqueous phases, and another block that has an affinity for the middle organic solvent phase. The simple structures that satisfy this requirement are diblock copolymers and phospholipids that have hydrophilic and hydrophobic groups. Before the double emulsion drops form vesicles, the solvents in the middle phase need to be removed, for instance, through solvent evaporation [63] [64] [65] . Nevertheless, the double emulsion drops should maintain their stability during the solvent removal step. Recently, it has been shown that by using a mixture of two organic solvents in the middle phase, where the amphiphilic molecules are soluble in one volatile organic solvent but insoluble in the other less volatile organic solvent, the two surfactant-laden interfaces, namely the innermiddle, and the middle-outer interfaces, attract towards each other forming the membrane of the resultant vesicles [66] . Due to the attraction, the double emulsion drops undergo a dewetting transition, where the middle phase dewets and get collected into a single droplet on the surface of the inner droplet of the double emulsions. As a result, the double emulsion adopts an acorn-like geometry. The remaining middle phase that forms a drop attached to the vesicles can be removed subsequently due to flows inside the microfluidic device. This approach represents a promising strategy for fabricating monodisperse vesicles with almost perfect encapsulation efficiency. Apart from emulsion-templating methods, various microfluidic approaches have been studied to make monodisperse vesicles. One way to produce monodisperse giant vesicles is microfluidic jetting of aqueous solution against a planar bilayer [67, 68] . The high inertia of a pulsed jet flow makes protrusion through local deformation of the planar bilayer and induces a breakup of the bilayer, resulting in a vesicle and intact planar bilayer.
In a similar manner with double-emulsion-templating methods, a planar bilayer can be prepared by overlapping of two interfaces between water and oil which have a dense array of amphiphiles. To prepare a wide planar bilayer, a hydrophobic double-well structure has been employed, which is composed of two circular cells connected with a waist of approximately 2 9 2 mm in a dimension, as shown in Fig. 13a . Into the waist of the double-well, an oil solution containing the amphiphiles is introduced and subsequently, two aqueous solutions are added into each circular cell. The oil solution wets the wall due to the hydrophobic nature of the surface, and forms a connecting thin film in the waist which is surrounded by two water drops. Two interfaces of the film of oil solution are stabilized through adsorption of the amphiphiles from the oil. Although the liquid film is relatively thick in the proximity of the solid wall of the waist, it becomes very thin far away from the walls. Therefore, the relative contents of oil become very small at the center of the film, resulting in a planar bilayer of the amphiphiles. When aqueous solution flows out in a pulse from the nozzle into stationary fluids, shear stress causes formation of a vortex ring. The energy of the vortex is sufficient to deform the bilayer membrane, producing protrusion in the bilayer membrane. The protrusion grows due to the momentum of the aqueous stream; this causes the bilayer to curl and fold into a spherical shape connected to the original bilayer through a long and narrow neck. The aqueous stream which fills the protrusion is dominantly the aqueous solution injected from the nozzle but, contains the stationary fluid at a volume fraction of approximately 25 % of the stream. When the inertia is enough to induce pinch-off of the neck, the spherical vesicle separates from the original bilayer and closes a hole to reduce exposed area of hydrophobic part of the amphiphiles to water. In addition, the deformed and ruptured bilayer at the waist is self-repairing and achieves the initial planar shape by retraction and supplement of the amphiphiles from thick oil film. Therefore, sequential generation of monodisperse vesicles can be achieved by repeated pulsed jetting.
The size of the resultant vesicles depends on the pulse volume and velocity. Under normal conditions, vesicles fabricated with this approach have a diameter of about 5-6 times that of a nozzle. Low pulse volume and high velocity can reduce the diameter of the vesicles to about 1-2 times that of a nozzle. However, since smaller nozzle necessitates larger pressure drop, it is difficult to achieve a strong jet in a small nozzle. Therefore, the minimum size of vesicles achievable in this approach with practical operating conditions is approximately 100 lm.
To produce cell-sized vesicles, the planar bilayer membrane is prepared in a microfluidic device with an alternative design shown in Fig. 14 [69] . The main channel of the device has several small chambers on the wall, which are connected to some large chambers through narrow channels. To form bilayer membrane in each small chamber, the aqueous inner phase, the middle phase of amphiphileladen oil, and the aqueous continuous phase are sequentially injected through the main channel. In each small chamber, the oil phase is sandwiched by two aqueous phases and amphiphiles adsorb at the two interfaces as shown in the first schematic of Fig. 14a . Initially, the two interfaces are separated by the oil phase. However, when the outward flux from the large chambers is generated, the inner aqueous phase squeezes the two interfaces, leading to the formation of a bilayer. As a result, the stream of aqueous core surrounded by a bilayer membrane from the small chamber breaks and folds into monodisperse vesicles after shearing off by the flowing continuous stream, as schematically illustrated in Fig. 14a . Although trace amount of oil can exist in the bilayer, it is subsequently removed by dissolution in water. To ensure gentle and controlled flow, the aqueous inner phase is pumped with an expanding air bubble generated in the large chamber. The bubble is slowly inflated due to localized heating of an aluminum pattern surrounding the bubble; heating is achieved by irradiation with an IR laser, as shown in Fig. 14b , instead of a pulsed jetting. The breakup of the core-shell stream is shown in Fig. 14c . The mechanism by which a breakup takes place is similar with drop breakup in T-junction [49] . Therefore, size of vesicles depends on the flow rate of the continuous phase and width of the small chamber, regardless of the flow rate of the outward flux of the aqueous inner stream. This method can produce monodisperse vesicles with cell-sized diameters of 10 lm with high encapsulation efficiency.
Fabrication of Novel Vesicles Using Microfluidics: Multi-Compartment Vesicles and Vesicles-in-Vesicles
Structural diversity of vesicles is very important to achieve programmed release of multiple distinct ingredients. For example, vesicles with multiple compartments are useful for a simultaneous release of multiple ingredients which are separately encapsulated and stored without cross-contamination between incompatible ingredients. However, conventional approaches cannot incorporate multiple compartments into a single vesicle without post-processing, because self-assembly of amphiphilic molecules without any guiding templates always results in spherical vesicle with a single compartment. Although controlled clustering of several vesicles can be employed to incorporate multiple compartments into a single vesicle, resultant vesicles are highly polydisperse in size and structure due to a broad size distribution of building block vesicles; [70] to induce adhesion and bonding between the vesicles, bilayers in the vesicles have to be modified by complementary single stranded DNA. By contrast, microfluidic approach based on double-emulsion drops enables the production of vesicles with multicompartment in a simple and facile manner. Using microfluidic W/O/W double emulsion drops as templates for the vesicles, the number of inner droplets can be precisely controlled through the flow rates of the phases involved, as shown in Fig. 15a . By choosing an amphiphile-containing oil phase as the middle phase of the double emulsions, adhesion of the amphiphileladen inner-middle and middle-outer interfaces can be induced; thus vesicles can be formed through dewetting and subsequent separation of the dewetted oil drop. In addition, the multiple inner droplets also adhere strongly with each other; this results in multicompartment polymersomes [71] . The number of compartments is fixed by the number of inner water drops. During dewetting, inner water drops adhere with neighbors due to attraction, which do not allow significant rearrangement. Therefore, resultant vesicles have a constant number of compartments, but different spatial arrangement of the compartments. The multicompartment vesicles consisting of eight cores are shown in Fig. 15b , which exhibit two different configurations.
The modification of microfluidic devices enables the encapsulation of multiple distinct ingredients into multiple compartments. For example, by employing injection capillary with two bores, double-emulsion drops containing two different inner water drops can be prepared, which can be converted to dumbbell-shaped vesicles encapsulating two different species without mixing, as shown in Fig. 15c . In this way, the number of encapsulants can be further increased by using injection capillary with multi-bores for inner drops that contain different species.
Another type of useful vesicle structure is multiple vesicles or multivesicular vesicles, which is vesicles-in-vesicle structure. Unlike multicompartment vesicles which have several compartments in the same level, the multiple vesicles have hierarchical compartments in multiple levels. Therefore, multiple vesicles enable the sequential release of multiple distinct ingredients from the outermost compartment, while avoiding cross-contamination during encapsulation, storage, and release. Double vesicle structures, or vesosomes, have been prepared by two-step bulk process to achieve sequential and extended release or long-term storage of multiple components [72] . However, they are randomly structured and do not allow systematic incorporation of different components.
Microfluidic approach enables controlled preparation of multiple vesicles. Using capillary microfluidic devices, monodisperse vesicles are prepared from templates of double-emulsion drops, which in turn are encapsulated in the innermost drops of a second level of double-emulsion drops using another microfluidic device, as shown in Fig. 16a . Therefore, small vesicles are confined in outer vesicles through formation of outer bilayer membrane from the double-emulsion drops, resulting in double vesicles [73] . During the encapsulation of the vesicles in Fig. 16 a Optical microscope image showing encapsulation of monodisperse vesicles into the innermost drops of double-emulsion drops. b Schematic illustration of double vesicles. c A series of confocal microscope images showing selective dissociation of the outer membrane of double vesicles, consisting of amphiphilic diblock-copolymer bilayer for both the inner and outer membranes; the double vesicle is dispersed in a mixture of water and ethanol to induce a rupture. d A series of confocal images showing selective dissociation of the inner membrane of double vesicle, consisting of amphiphilic diblock-copolymer bilayer for the inner membrane and a hydrophobic homopolymer-loaded bilayer for the outer membrane, in the same mixture of water and ethanol. Reproduced with permission from Ref. [73] , Ó 2011 American Chemical Society the second step of double emulsification, the vesicles trigger breakup of the jet of the middle oil phase; in this manner, each resultant double emulsion drops only contain one vesicle. This encapsulation process can be repeated in a third step of double emulsification to form triple vesicles consisting of a vesicle-in-vesicle-invesicle structure, further enhancing the flexibility of the subsequent controlled release profile. These multiple vesicle structures show sequential and extended releases of multiple species encapsulated when they are exposed to specific chemical environment that induces dissociation or degradation of the bilayer membranes. In addition, modification of bilayer stability enables the programmed release of multiple active ingredients encapsulated. For instance, if the outer membrane of the double vesicles bursts before the inner membranes does, species encapsulated in the outer compartment will be released before those encapsulated in the inner vesicular compartments. This enables sequential release of different active ingredients. However, if the inner membrane is destabilized before the outer membrane is, internal mixing of ingredients within the intact outer membrane will take place before subsequent release to the surrounding environments following subsequent breakage of the outer membranes. This has great potential for enabling reaction of the active ingredients before release. These programmed releases are shown in Fig. 16c, d .
The combination of the two different structures, namely, multiple compartments in the same level and hierarchical compartments in different levels, will enables programmed release of multiple distinct components in desired patterns. The stepwise release in time of multiple components can be achieved by multiple vesicles structure, where time gap between release steps can be tuned by manipulating the stability of the bilayers. In addition, simultaneous release without crosscontamination during storage can be achieved using multicompartment vesicles. These novel structures create unprecedented opportunities to tailor the release profiles of actives for the desired applications.
Triggered and Sustained Release of Encapsulated Species from Vesicles
Polymersomes have become a versatile tool for drug encapsulation, delivery and release, as they offer a large variety of mechanisms to disassemble in response to specific external stimuli in a controlled manner. Polymeric building blocks have been developed which can be degraded upon changes of temperature, pH as well as by oxidation/reduction and enzymes [74] . The membranes of vesicles are typically permeable to water; this is an important feature that enables complex biological processes to take place inside biological cells. This also provides a strategy to release active ingredients encapsulated inside vesicles. The direction at which water moves across vesicle membranes is typically governed by the osmotic pressure difference between the inside and the outside environment of the vesicles. The osmotic pressure, p osm = cRT, is related to the concentration of solutes, where c is the molar concentration of the solutes, R is the gas constant and T is the temperature. When the osmolarity, which refers to the molarity of osmotic relevant molecules that cannot diffuse across membranes, is higher in the outside environment than in the core of the vesicles, water tends to get sucked out of the vesicles; when the osmolarity is higher in the vesicle core, water diffuses into the vesicles. The response of the vesicles to such water diffusion depends on the nature of the vesicle membranes. For vesicles with membranes in the fluid phase, formation of holes can be induced upon sudden change in osmotic pressure difference [75] [76] [77] [78] ; alternatively, the vesicles can split into smaller vesicles. Both leads to release of solutes and reduction in the osmotic pressure difference. Therefore, osmotic pressure can be used as a trigger for inducing the release of actives from these vesicles. For membranes with a gel or glassy phase, the amphiphiles that form the membranes are frozen and immobile; therefore, the membranes are not easily deformed. Thus, the membrane cannot be swollen significantly and the membrane area cannot be increased beyond the threshold imposed by the constituent amphiphiles. As a result, when subjected to a sufficiently high swelling pressure, these membranes will disintegrate and burst, providing an osmotic approach for release of actives. Similarly, when the membranes are forced to shrink in area due to diffusion of water out of the vesicles, they have to buckle and at sufficiently large reduction of the volume of the vesicle core, cracks and pores will form, leading to a release of actives, as shown in Fig. 17 .
Release of actives in vesicles can also be achieved by degradation of hydrophobic blocks of amphiphiles [79] . Poly (lactic acid) and poly (caprolactone) are representative biodegradable materials due to hydrolysis of ester groups. Amphiphiles whose hydrophobic blocks are composed of polyester show increase of hydrophilic fraction due to the degradation at the end of hydrophobic block. Therefore, the amphiphiles cannot afford to support bilayer structure and generate pores on the membrane, facilitating the release of encapsulants. The amphiphiles finally disintegrate through additional degradation. The rate of degradation and time for release of actives are controllable through carefully selecting type and block length of degradable polymer or employing blends with non-degradable polymers. While non-enzymatic hydrolytic biodegradation of polyester blocks is usually slow taking place on a time scale of days to weeks [80] , hydrolysis rates significantly increase in the presence of enzymes. In a similar approach, diblock copolymers with a polyester block such as poly(trimethylene carbonate)-b-poly (L-glutamic acid) (PTMC-b-PGA) degrade and release the encapsulated content within several hour when exposed to lipase enzymes [81] . The degradation of the hydrophobic PTMC block, and thus respective polymersomes, is detectable by a decrease of scattering intensity using dynamic light scattering (DLS). Manipulation of PTMC-b-PGA-based polymersomes is also achieved by a change of pH, which triggers a response of the polymersome within minutes due to structure transitions of PGA. As inflamed tissue as well as tissue affected by cancer exhibits acidic pH [82, 83] , development of polymersomes with pH-triggered degradation for localized release is the target of ongoing research. As an example, paclitaxel and doxorubicin have been successfully encapsulated and subsequently released for combined drug therapy of cancer from poly(ethylene glycol)-block-poly(2,4,6-trimethoxybenzylidenepentaerythritol carbonate) (PEG-b-PTMBPEC) by acetal hydrolysis of acid-labile PTMBPEC [84] . The degradation rates of copolymers/ polymersomes are highly dependent on the molecular weight of the pH-sensitive block, but nearly unaffected by the state of aggregation, as both micellar and vesicular assemblies of PEG-b-PTMBPEC degrade within a similar time frame.
Another interesting type of polymersomes are those that combine pH-sensitivity and thermo-sensitivity. One such example has been shown with multi-responsive copolymers, double-hydrophilic poly[2-(dimethylamino)ethyl methacrylate]-bpoly(glutamic acid) (PDMAEMA-b-PGA) [85] . Thermal transition of vesicle building blocks can strongly affect self-assembly-and-degradation or perturb membrane permeability, as demonstrated in 1,2-palimitoyl-sn-glycero-3-phosphocholine/MPPC/DSPE/PEG liposomes [86] . In case of PDMAEMA-b-PGA, PDMAEMA shows LCST behavior and drives the vesicular self-assembly of the copolymer above a narrow temperature range at approximately 40°C. Yet, most studies on thermally degradable copolymers have been utilizing N-isopropylacrylamide (NIPAAm) with a broad range of LCST ranging from 30 to 50°C. Polymersomes that are made up of copolymers with a NIPAAm block, for example, poly(ethylene oxide)-block-poly(N-isopropylacrylamide) (PEO-b-PNIPAAm), therefore show a phase transition at a broad temperature range [87, 88] . In contrast to earlier approaches with NIPAAm-based copolymers, reversible addition-fragmentation chain transfer (RAFT) enables the fabrication of thermo-sensitive vesicular building blocks with narrow polydispersity, and thus achieves sharp phase transitions.
To degrade polymersomes in a controlled manner, one can also utilize oxidative and reductive stress, as commonly found in living tissue. these polymersomes can be fabricated from poly(propylene sulfide) (PPS) and PEG. Examples includes PEG-PSS-PEG where a disulfide (-S-S-) symmetrically divides the PSS block [89] , as well as PEG-SS-PPS [90] . Similar to thiolytic cleavage of lipid membranes [91] , these copolymers degrade due to formation of sulfones and sulfoxides from the thioether in the presence of oxidizing reagents such as hydrogen peroxide. For unilamellar vesicles, membrane proteins such as a-hemolysin can be incorporated for controlled release [68, 69] . This protein is attached to the bilayers and creates nanopores of approximately 2.6 nm in a diameter through the membrane due to their unique structure [92] . Therefore, encapsulated ingredients, which have smaller size than 2.6 nm, can diffuse out through these nanopores, achieving sustained release until complete depletion of the ingredients (Fig. 18 ).
Outlook
While vesicles have long been recognized as an important vehicle for delivery of drugs, cells, DNA, proteins, colorings, flavors, and other active ingredients in different industries, the widespread use of vesicles have been limited by the lack of a robust and high-throughput technique for their fabrication. Microfluidics has Fig. 18 Schematics of biodegradation-induced release of encapsulants. Reproduced with permission from Ref. [79] , Ó 2004 Elsevier demonstrated great potential as a tool for fabricating liposomes, polymersomes, noisomes and other vesicular structures. Taking advantage of the high degree of control over the flow path of the fluids involved, microfluidic technologies have enabled robust fabrication of previously challenging structures, including multicompartment vesicles. Microfluidics has opened the door towards engineering of vesicles on the individual leaflet level, and artificial cells. Nevertheless, there are still challenges towards a microfluidic-based plant for fabricating complex vesicles. One challenge is on how to increase the throughput of microfluidic approaches for fabrication. For applications that require large volume of vesicle suspensions for encapsulation, such as food and beverages, the production rates afforded by microfluidics remain insufficient. Progress has been made in the area of microfluidic scale-up [93] and this will facilitate the use of microfluidic techniques for large-scale vesicle production. In addition, size reduction of vesicles still remains one of challenges; submicronsized vesicles are widely useful for in vivo delivery of drugs and nutrients. Recent advances in nanofluidics enable the production of monodisperse emulsion drops whose size is less than 1 lm [94] and the principle of nanofluidics can be applied to the double emulsion drops as well. Another barrier toward practical usage of vesicles is lying in biocompatibility of materials which are used for vesicle formation in microfluidics. Although biocompatible amphiphiles have been employed, organic solvents for the amphiphiles are often harmful to human body; despite that most of the solvents are removed during vesicle formation, very small amount of the solvents may be sufficient to jeopardize in vivo usage. Therefore, additional studies on biocompatible oil phase are necessary to obviate any side effects of drug-loaded vesicles. For further enhancing the versatility and capability of the vesicles, the characteristics and structures of the vesicles requires further manipulation. Chemical modification of amphiphiles to achieve desired functionalities will enable effective and precise delivery of vesicles to targets, while control of the number of bilayers that form the vesicle membranes will facilitate modulation of stability and permeability of vesicles.
